UK clinical laboratories overestimate ciprofloxacin resistance amongst Pseudomonas aeruginosa isolates, relative to the MIC breakpoint of 1 mg/L. Most tests leading to this overestimation use 1 g discs and are by Stokes' method with the breakpoint taken as the zone radius for P. aeruginosa NCTC 10662 minus 3 mm. Aiming to reduce this error rate, we examined alternative disc breakpoints. Tests were performed for 100 P. aeruginosa isolates on three media, with breakpoints selected (i) as the zone for P. aeruginosa NCTC 10662 minus 7 mm, as recommended for ciprofloxacin by the BSAC; (ii) with reference to MIC/zone correlation lines; (iii) from natural divisions in zone distribution histograms; and (iv) so as to minimize categorization errors. Breakpoints from regression lines, and those optimized to the susceptibility distribution, reduced the proportion of susceptible organisms misreported as resistant, but the improvement was not significant (P > 0.05, 2 test). The breakpoint of the zone radius for P. aeruginosa NCTC 10662 minus 7 mm significantly reduced (P < 0.05) the number of susceptible organisms reported as resistant, but led to 50-75% of those with low level resistance (MIC 2-4 mg/L) and 4-10% of those with high-level resistance (MIC > 4 mg/L) being classed as susceptible. Irrespective of the medium and the basis of choosing breakpoints, 5 g ciprofloxacin discs gave a lower rate of susceptible organisms being reported as resistant than did 1 g discs; however, the improvement was not significant (P > 0.05, 2 test) and the 5 g discs had the disadvantages of forming very large zones for susceptible isolates and giving some-albeit small-zones for highly resistant organisms. In conclusion, the over-reporting of resistance could be reduced by use of zone breakpoints optimized to the MIC distribution and by the use of 5 g discs, but the case for these changes is not overwhelming; taking the breakpoint as the zone for NCTC 10662 minus 7 mm led to unacceptable numbers of resistant organisms being reported as susceptible. More fundamentally, ciprofloxacin zones and MICs are continuously distributed for P. aeruginosa isolates, so susceptibility tests cannot divide the species into discrete populations. In these circumstances, it is optimistic to expect disc and MIC categorizations to agree perfectly.
Introduction
Two studies suggest that UK clinical laboratories overestimate ciprofloxacin resistance amongst Pseudomonas aeruginosa isolates, relative to the low and high breakpoints of 1 and 4 mg/L advocated by the BSAC 1 and National Committee for Clinical Laboratory Standards (NCCLS). 2 King et al. found that only 4% of 240 isolates from 12 hospitals were resistant to the compound at 1 mg/L whereas 9% of these isolates had been reported as resistant; 3 similarly, Chen et al., studying isolates from 24 UK hospitals, found MICs of 1 mg/L for 36% of 153 isolates reported resistant and MICs of 4 mg/L for 64% of these isolates. 4 Cases of resistant isolates being reported as sensitive are rare: fewer than 9% of 1530 isolates reported as susceptible proved resistant to ciprofloxacin 1 mg/L and only 2.1% were resistant at 4 mg/L. 4 Sources of this overestimation of resistance were explored by examining the behaviour of P. aeruginosa isolates in disc and MIC tests on three media. Seeking toUK centres; (ii) Stokes' method but with intermediate/ resistant status taken as a reduction of 7 mm in zone radius, as advocated for ciprofloxacin by the BSAC; 1 (iii) MIC/zone regression plots; (iv) zone distribution analysis; or (v) optimization to the MIC distribution.
Materials and methods

Bacteria
P. aeruginosa cultures were from a recent UK survey. 4 One hundred isolates were used, 33 for which ciprofloxacin MICs on IsoSensitest agar were 0.5 mg/Lm, 33 for which MICs were 1-4 mg/L and 34 for which MICs were 4 mg/L. P. aeruginosa NCTC 10662 served as the control organism, as in most UK clinical laboratories, 4 and as advocated by the BSAC. 1 
Antimicrobial agents, media and reagents
Ciprofloxacin was obtained from Bayer UK (Newbury, UK), dissolved in 1 M sodium hydroxide, then diluted in distilled water. Reagents were from Sigma or BDH. DST, IsoSensitest (IST) and Mueller-Hinton (MH) agars were from Unipath (Basingstoke, UK). Plates were prepared on the day of use.
MIC tests
Cultures were grown overnight at 37°C in 10 mL volumes of nutrient broth, then diluted 1000-fold in fresh broth. Volumes (0.3 L) of the dilutions, containing c. 10 4 cfu, were spotted on plates of DST, IST or MH agars containing doubling dilutions of ciprofloxacin. Results were read after 18 h at 37°C, with MICs taken as the lowest levels required to inhibit growth completely.
Disc tests
Overnight cultures were grown in nutrient broth, then diluted 1000-fold. One hundred microlitres of the dilutions, containing c. 2-3 10 5 cfu, were spread on plates containing 20 1 mL of agar, on to which discs (Unipath) containing 1 or 5 g of ciprofloxacin were dispensed. Semi-confluent growth was reproducibly obtained and, after incubation for 18-20 h at 37°C, zones were read with calipers to 0.1 mm.
Choice of breakpoints
An MIC breakpoint of 1 mg/L was adopted throughout, corresponding to the 'low' breakpoint of both the BSAC 1 and the NCCLS.
2 Zone breakpoints were selected on the following bases:
Stokes' criteria. Strictly, these define an organism as intermediate if the annular zone radius is more than 3 mm smaller than for the control (P. aeruginosa NCTC 10662) and resistant only if it grows to within 2 mm of the disc. 1 I n fact, most UK hospitals count intermediate organisms as r e s i s t a n t , 4 and this policy was adopted. In addition we analysed the data taking only a reduction in zone radius of more than 7 mm as signifying resistance, as recommended for ciprofloxacin discs by the BSAC. 1 It should be emphasized that Stokes' plates were not used; rather, the test and reference strains were on separate identical plates and results were interpreted with regard to Stokes' criteria.
Regression line analysis. Zone breakpoints corresponding to an MIC of 1 mg/L were read from zone/MIC correlation regression plots (see Results, Figure 1 ).
Zone distribution analysis. Zone breakpoints were selected as giving the best separation between the peaks of multi-modal MIC distributions (see Results, Figure 2 ).
Optimized breakpoints. These were chosen as giving the fewest categorization errors (i.e. the smallest number of sensitive organisms misidentified as resistant and vice versa).
Data analysis
Chi-squared and Fisher's exact tests were used to compare categorization error rates between different analysis criteria, as appropriate to the numbers of organisms.
Results
Behaviour of strain NCTC 10662
MICs and inhibition zones for strain NCTC 10662 are shown in Table I . The organism was not excessively susceptible; an MIC of 0.25 mg/L on IST compares with a modal MIC of 0.125 mg/L, on the same medium, for 1991 P. aeruginosa isolates collected in a recent survey. 4 Zones of both 1 and 5 g discs for the organism were slightly smaller on MH and DST agars than on IST, and the MIC of ciprofloxacin was raised by one dilution on DST.
MICs and zone sizes of isolates on different media
MICs for isolates on DST and MH tended to equal, or be one dilution higher than, those on IST, recapitulating patterns seen for strain NCTC 10662 (cf. Table I ). On current low and high breakpoints of 1 and 4 mg/L, more isolates would have been counted as resistant on DST (especially) and MH than on IST (Table II) . Similarly, zones of 1 and 5 g discs were smaller on DST and MH than on IST. These differences were usually small: discrepancies of more than two dilutions in MIC tests or more than 5 mm in inhibition zone diameter between the different media were seen for fewer than 5% of the isolates.
Correlation of inhibition zones and MICs
Correlation/regression plots of inhibition zones versus MICs for each combination of disc and medium are shown in Figure 1 . Correlation was good in all cases (r 0.84, values shown at top right of each panel) but was consistently better with 5 g than 1 g discs and, for each disc content, was best on MH. On MH and IST, though not DST, the zones of 1 g and, to a lesser extent, 5 g discs showed a wider scatter-indicated by a larger standard deviation on the mean-for isolates on the upper boundary of susceptibility (MIC 1 mg/L) than for more sensitive organisms (Table III) .
Zones in relation to MIC category
The distributions of inhibition zones of the 1 and 5 g discs are shown relative to MICs in Figure 2 . No combination of disc and medium gave perfect separation of the isolates classified as susceptible (MIC 1 mg/L), lowlevel-resistant (MIC 2-4 mg/L) and high-level-resistant (MIC 4 mg/L).
Interpretation of susceptibility and resistance from disc results
Zone distributions for the 5 g discs were too continuous for zone distribution breakpoints to be selected ( Figure  2 , panels d-f); otherwise, each analytical method was applied to each disc type and medium (Table IV) . Zone distribution breakpoints for the 1 g discs were set at the most conservative values, to divide isolates in the normal, bell-shaped distribution of full susceptibility from those with any reduction in susceptibility (c f. Table IV and Figure 2 ).
Breakpoints based on the zone radius for strain NCTC 10662 minus 7 mm were considerably (up to 10 mm diameter) smaller than those from any other method, and breakpoints 'optimized' for 1 g (though not 5 g) discs were 2-7 mm smaller than those from regression analysis, zone distribution analysis or based on the zone radius for strain NCTC 10662 minus 3 mm. These exceptions aside, the breakpoints selected by the different methods fell into narrow ranges: 18-23 mm for 1 g discs, and 26-29 mm for 5 g discs.
Categorization errors arising with each method are shown in Table IV . Stokes' method with the breakpoint taken as the zone radius for NCTC 10662 minus 3 mm was taken as a reference technique as it is used in most UK laboratories. Its application to 1 g discs led to 11/115 cases where susceptible (MIC 1 mg/L) organisms were classed as resistant and 7/115 such cases with 5 g discs. These error rates were significantly reduced (P 0.05) for both disc types if the breakpoint was based on the zone radius for NCTC 10662 minus 7 mm, but were not significantly altered (P 0.05) by optimization, correlation regression analysis or setting relative to the zone distribution. Except with the optimized breakpoint, the rates of susceptible organisms being reported as resistant were higher with 1 g than 5 g discs, but the differences were not significant (P 0.05).
By the reference method (zone radius for NCTC 10662 minus 3 mm) only 5/185 and 6/185 resistant isolates (MIC 1 mg/L) were misclassified as susceptible with 1 g and 5 g discs respectively. All but one of these errorsfor each disc type-concerned isolates with low level (MIC 2-4 mg/L) resistance. Breakpoints based on the regression analysis, optimization or relative to the zone distribution gave minimal and insignificant (P 0.05) changes in these error rates. However, application of a breakpoint based on the zone for NCTC 10662 minus 7 mm, caused 50% of isolates with low level resistance (MIC 2-4 mg/L) to be reported as susceptible when tested with 1 g discs and 75% to be reported as susceptible when tested with 5 g discs. These increases in the error rate were highly significant (P 0.001). Moreover, 4-10% isolates with high-level resistance (MIC 4 mg/L) were misreported as susceptible.
Except with the optimized breakpoint, the rates of susceptible organisms being reported resistant were higher with the 1 g discs than with the 5 g discs, but the rates of resistant organisms being reported susceptible were also increased with the 5 g discs. These changes were not significant (P 0.05), except that 5 g, rather than 1 g, discs led to increased numbers of isolates with low level (51/67 compared with 34/67, P 0.01) and high level (12/118 compared with 5/118, P 0.05) resistance being reported susceptible when the breakpoint was taken as the zone radius for strain NCTC 10662 minus 7 mm. Where the observed combination of zone and MIC was observed for one isolate, it is shown thus 1; where the same result was seen for two isolates, thus 2; for three isolates, thus 3, and so on. Isolates giving no zone are omitted to prevent distortion of the calculation; their numbers are detailed in Figure 2 .
Erroneous reporting of susceptibility in the 1993 pseudomonas survey 4
Reporting errors detected in the 1993 Pseudomonas survey were reviewed in the light of the present study. Figure  3a shows the hospitals' reporting for 1732 isolates that they had tested, in relation to the MICs found by ourselves on IST. Most errors by the hospitals were cases where susceptible organisms were reported as resistant. Such errors arose for fewer than 5% of the isolates for which ciprofloxacin MICs were 0.5 mg/L, but for 35% of those for which the MIC was 1 mg/L. This analysis is distorted by the fact that four hospitals used dilution tests and one of these applied a breakpoint of 0.5 mg/L. Accordingly, Figure 3b includes only the 1406 isolates tested at 20 hospitals that used disc susceptibility tests. Seventeen of these used Stokes' method and three tested the control on a separate plate. All used NCTC 10662 as their reference strain and all but one took the breakpoint as the zone for NCTC 10662 minus 3 mm. The pattern of errors remains similar to that depicted in Figure 3a . Enquiry revealed that all of these hospitals now use 1 g ciprofloxacin discs and it seems that most or all did so at the period of the survey (September to December, 1993).
Discussion
Two previous studies indicated over-reporting of ciprofloxacin resistance for P. aeruginosa isolates in the UK.
3,4
Misreporting a susceptible organism as resistant is l e s s serious than misreporting of a resistant one as susceptible, but may lead to a patient being denied useful treatment.
Although over-reporting of resistance for P. aeruginosa is equally frequent for -lactams and aminoglycosides 4 it is particularly important for quinolones, as they are the only oral antipseudomonal agents.
We examined factors that might underlie over-reporting of ciprofloxacin resistance. MICs of ciprofloxacin were usually slightly higher on MH and DST than on IST (Tables I and II) , but these points are not of great relevance to the problem: only 4/12 hospitals in the study by King et al. 3 and 4/24 in that by Chen et al. 4 performed routine susceptibility tests by dilution methods. Rather, most UK hospitals use Stokes' tests with 1 g ciprofloxacin on IST or DST agar, taking an isolate to be intermediate or resistant when its zone radius is more than 3 mm smaller than for strain NCTC 10662 on the same plate. Applying this method we found 12-20% of susceptible organisms were misreported as resistant, according to the medium, whereas the frequencies of resistant organisms being reported as susceptible were four-fold lower (Table IV) . These frequencies parallel those found in the surveys mentioned above.
Stokes' definition of resistance is arbitrary, there being no logical reason why a reduction in zone radius of 3 mm should signify resistance irrespective of the antimicrobial agent and disc; nevertheless the error rate was not significantly higher than when data for 1 g discs were analysed with reference to zone distribution patterns or correlation regression lines, both of which have stronger theoretical bases than Stokes' 3 mm limit. Optimization of the breakpoints for 1 g discs led to lower values than the other methods (except NCTC 10662 minus 7 mm), and the rate of susceptible organisms being reported as resistant was reduced accordingly, though not s i g n i ficantly (P 0.05), without any increase in the rate of resistant organisms being reported as susceptible. Similar patterns were seen with 5 g discs: the rates of susceptible organisms being reported as resistant were insignificantly lower by regression analysis, and when optimized to the MIC distribution, than when the breakpoint was taken as the zone radius for NCTC 10662 minus 3 mm.
Application of the BSAC's recommended breakpoint for ciprofloxacin discs of the zone radius for NCTC 10662 minus 7 mm gave a significant reduction in the incidence of susceptible organisms reported as resistant but at the cost of causing 50-75% of isolates with low level resistance (MIC 2-4 mg/L) and 4-10% of those with substantial resistance (MIC 4 mg/L) to be misclassified as a Breakpoint at zone diameter 6 mm smaller than for NCTC 10662 on same medium (Table I) . b Breakpoint at zone diameter 14 mm smaller than for NCTC 10662 on same medium (Table I) . c From Figure 1 , and rounded to nearest millimetre. d Chosen, as conservatively as possible, with reference to natural divisions in the distributions shown in Figure 2 . e Chosen with reference to Figure 2 to minimize categorization errors. f Relative to MIC on same medium. g Number of isolates giving stated error/total number of isolates in category.
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susceptible. Allowing that it is much worse to report a resistant organism as susceptible than the converse, we consider this error rate to be unacceptable. Irrespective of the basis of choosing the breakpoint, rates of susceptible organisms being reported as resistant were consistently, though not significantly (P 0.05, 2 test), lower for 5 g than 1 g discs (Table III) . This partly reflected the fact that zones of 1 g discs for isolates with MICs of 1 mg/L ranged more widely in diameter than those of 5 g discs, especially for isolates with MICs of 1 mg/L (Table III) . This may be important, as isolates 'with' MICs of 1 mg/L were those most prone to be misreported as resistant on the basis of disc tests ( Figure 3 ). The data thus suggest that ciprofloxacin 5 g discs should be preferred-whereas the general trend has been to move to 1 g discs. Nevertheless, the case for 5 g discs is not overwhelming and two advantages of 1 g discs deserve mention: (i) they give smaller zones, and are less likely to interfere with other antimicrobial agents tested on the same plate and (ii) unlike 5 g discs, they give no zones for many highly resistant (MIC 4 mg/L) isolates, removing any risk that these will be mistaken as susceptible.
This study suggests that the proportion of susceptible P. aeruginosa being reported as resistant to ciprofloxacin could be reduced by the use of 5 g, rather than 1 g, discs and by adopting the 'optimized' breakpoints listed in Table IV . Nevertheless, the improvements obtained were not great and did not achieve statistical significance. The use of a breakpoint of zone radius for NCTC 10662 minus 7 mm, as advocated by the BSAC, 1 did reduce the number of susceptible organisms misreported as resistant but led to an unacceptable increase in the proportion of resistant organisms misclassified as susceptible; this breakpoint should continue to be ignored-as it already is by most UK laboratories.
Ultimately, the source of categorization errors lies in the fact that P. aeruginosa isolates show a continuous distribution of ciprofloxacin zones and MICs, reflecting the fact that variation commonly is contingent on small, stepwise, enhancement of natural impermeability or efflux. [5] [6] [7] Since the species does not divide into distinct populations with and without a mechanism, it would be optimistic to expect any disc test to classify isolates in the same way as MIC tests without occasional categorization errors. 
